Abstract-Recently, full rate and full diversity two-group (2Gp) and four-group (4Gp) decodable space-time block codes (STBC) derived from quasi-orthogonal STBC (QSTBC) and designed under diversity product maximization criterion have been proposed. In this paper, we derive an upper bound of diversity product for those STBCs and discover that the diversity product of the current 2Gp-QSTBC and 4Gp-QSTBC has the potential to approach the upper bound for 8 transmit antennas. To this end, we propose an improved design of 2Gp and 4Gp STBC with increased diversity product for 8 transmit atennas by allowing sufficient number of dimensions for constellation rotation. The diversity product of the proposed two-group decodable STBC achieves the derived upper bound.
INTRODUCTION
Orthogonal Space-Time Block Codes (OSTBC) [1] provide a promising transmission scheme in multi-antenna systems due to their full diversity and single-symbol maximum likelihood (ML) decoding. However, it is proven in [1] that their symbol rates are less than one when complex signal constellations and more than two transmit antennas are used. To increase the rate, the quasi-orthogonal STBCs (QSTBC) [2] were proposed by relaxing the orthogonality constraint. The full diversity can still be obtained by rotating the constellations of parts of the transmitted symbols [3] . In the case of eight transmit antennas, a full rate (rate one) and full diversity 2Gp-QSTBC with constellation rotation was presented in [4] . The symbols are separated into two groups and joint decoding of four symbols is performed. To reduce the decoding complexity, a coordinate interleaved orthogonal design (CIOD) with double symbols joint decoding was introduced in [5] . Recently, a full rate and full diversity 4Gp-QSTBC, with a lower peak-to-average power ratio (PAPR) than that of the CIOD, has been proposed in [6] , where double symbols are jointly decoded for eight transmit antennas since the transmitted symbols can be decoupled into 4 groups.
We focus on the analysis the 2Gp-QSTBC [4] and 4Gp-STBC [6] for eight transmit antennas in this paper. They can be considered as QSTBCs with constellation rotation (CR) and interleaving the real and imaginary parts of different symbols before space-time coding. Both of the processes can be performed by an unitary transformation. The encoding process of 2Gp-QSTBC and 4Gp-STBC can be expressed as , and the subscript ( )I and ( ) denote the real and imaginary part of a complex scalar, respectively.
Q
It was shown in [7] that QSTBC symbols transmitted from different antennas can be completely decoupled if they are pre-processed by a decoupling matrix. The decoupling process can be expressed as , we can employ single real symbol ML decoding in the receiver [8] . However its transmit diversity order is only 2.
Fig. 1. Encoder structure with decoupling property
We consider a class of STBCs with the unified framework as [7] , and for 2Gp-QSTBC [4] or 4Gp-QSTBC [6] . In this paper, we propose an improved design for two-group and four-group decodable STBC based on this unified framework with increased diversity product for eight transmit antennas. The contributions of this paper are: 
, where is the column of .
Let T N be the number of transmit antennas, R N the number of receive antennas, and T the number of time slots for one codeword. The number of transmitted symbols in each codeword is K . Here, we focus on QSTBC with . Without loss of generality, we consider the following codeword: ( )
According to the analysis in [7] , we can obtain its decoupling matrix as
where
Substituting (3) into (6), the dispersion form of the codeword ( ) g s can be written as 
The codeword in (8) can be reformed in a vector form as ( ) vec C Gs (11) where is a encoding matrix [9] defined as
(12) From (9), (10) and (12), we have (13)
III. UPPER BOUND OF DIVERSITY PRODUCT
In this section, we shall derive an upper bound of diversity product for STBCs designed under the framework in (4) and (5) . Assuming the difference codeword as , if ' C C C H C C is of full rank for any pair of distinct codewords C and , the diversity product [3] is given by
According to the theory of inequality, we know that
From (11), (13) and (5) 
Combining (14)~(17) and , we obtain the upper bound of diversity product as
The upper bound of diversity product is uniquely determined by .
IV. PROPOSED CODES
The current 4Gp-QSTBC and 2Gp-QSTBC obtain their diversity product by optimal constellation rotation with 2 and 4 degrees of freedom, respectively. However, their diversity products deviate from the bound given in (18) for
by a large margin because their rotation dimensions are not sufficient. In this section, we design two improved fourgroup and two-group decodable STBCs to approach the bound by a rotation matrix with 6 dimensions.
A. Proposed four-group decodable STBC
We divide the symbols 1 
U U U U4
(24) Obviously, the four real symbols in each vector k s are correlated due to the unitary transformation with the matrix k U , but there is no correlation among the vectors 1 4 s s , each k s can thus be decoded independently. 
B. Proposed two-group decodable STBC
If we consider 1 U as a rotation matrix with degrees of freedom, it becomes intractable to find out the 28 optimal angles by computer search due to the large computation. To tackle this problem, we limit the constellational rotation to 6 dimensions. The structure of 
U
Rotating the symbols 2 4 {a a } with angle , while keeping the symbols 1 3 {a a } un-rotated, we obtain
1, 2 k where k a is defined in (19), / 4 is a optimal rotation angle for conventional QAM proposed in [3] , and 
, from the equations in (3), (7) and (31), we can derive 
After knowing and , we obtain the optimal angles to maximize (34) Similar to our discussion in Section IV-A, 1 s and 2 s are un-correlated, therefore can be decoded independently.
V. NUMERICAL RESULTS
We consider data transmission over a quasi-static Rayleigh flat fading channel. The channel gains are assumed to be known at the receiver but not at the transmitter. The simulation results are presented in Fig. 3 to compare the bit error rate (BER) of proposed codes with the current 4Gp-QSTBC [6] , 2Gp-STBC [4] and CIOD [5] with 2 bits per channel use (4QAM) for 8 Tx and 1 Rx antennas. It is shown that the proposed four-group decodable STBC outperforms the CIOD and 4Gp-QSTBC by 0.25 dB with the same number of symbols for joint decoding. In the case of the two-group decodable STBCs, the proposed code also obtains about 0.25 dB gain compared to 2Gp-QSTBC. Overall, the two-group STBCs have better performance than four-group decodable. Table 1 shows the upper bound and some diversity products of the STBCs discussed previously with 4QAM signal constellation. It can be seen that the proposed schemes for two-group and four-group decodable STBC obtain higher diversity product than the existing ones. Especially, the proposed two-group decodable STBC is able to achieve the upper bound of diversity product.
It is stated in [11] that maximizing diversity product does not necessarily minimize the pairwise-error-probability (PEP)-bound for 8 STBCs. Considering our design by PEP-bound minimization criterion, we reach the following conclusions 8
From Table 1 , the proposed four-group decodable STBC has a little higher diversity product than 2Gp-QSTBC but no better performance. The reason is that 2Gp-QSTBC has a lower PEP-bound. Designing the proposed four-group decodable STBC under PEP-bound minimization criterion leads to approximately 0.05 dB additional gain. When diversity product achieves its upper bound, all eigenvalues of H C C should be equal, so it is easy to approve that the PEP-bound must be minimum in this case.
VI. CONCLUSIONS
We proposed an unified framework for the STBCs based on QSTBC and derived an upper bound of diversity product for this particular class of STBCs in this paper. An improved design of four-group and two-group decodable STBC has been proposed with better performance and the same decoding complexity in comparison to current 4Gp-QSTBC and 2Gp-QSTBC. We also concluded that it is necessary to exploit sufficient degrees of freedom, which are determined by the number of symbols in joint decoding, for constellation rotation to facilitate the search of larger diversity product.
